Methylomusa anaerophila gen. nov., sp. nov., an anaerobic methanol-utilizing bacterium isolated from a microbial fuel cell 
Methanol is a major pollutant in industrial wastewater and is currently decomposed in biological treatment plants, such as activated-sludge plants [1] . Despite their effectiveness, activated-sludge plants consume large amounts of electric energy for the treatment and are therefore of economic concern. Microbial fuel cells (MFCs), which exploit living microbes as electrode catalysts, have recently attracted considerable attention as green energy devices for generating electricity from waste biomass and pollutants in wastewater [2, 3] . Our previous study suggested that MFCs are able to generate electricity from methanol in wastewater [4] . In that study, metagenomic analyses of anode microbiomes suggested that Sporomusa relatives convert methanol into acetate, and acetate is sequentially utilized by Geobacter to generate electricity. In phylogenetic analyses based on 16S rRNA gene sequences, the methanol-degrading Sporomusa relatives (putative methanol-degrading bacteria) were deeply branched in a phylogenetic tree for the family Sporomusaceae and were considered to represent a novel genus [4] . In the present study, we isolated a Sporomusa relative from a methanol-fed MFC. The new isolate was designated strain MMFC1
T , and its physiological and phylogenetic features were examined. Based on the results of these examinations, a novel genus and species are proposed to accommodate strain MMFC1 T , with the name Methylomusa anaerophila gen. nov., sp. nov.
A methanol-fed MFC was inoculated with sludge obtained from a wastewater-treatment facility in a chemical plant (Gifu, Japan) and operated as described previously [4] . After electric output from the MFC had sufficiently increased (approximately 2 months after commencing the operation), a piece of the anode (approximately 1 cm 2 ) was cut off and put in a test tube containing 5 ml mineral medium [5] with modifications. The mineral medium contained the following ingredients per litre (pH 7): K 2 HPO 4 (0.35 g), KH 2 PO 4 (0.23 g), NH 4 Cl (0.50 g), MgSO 4 Á7H 2 O (0.50 g), CaCl 2 Á2H 2 O (0.025 g), NaCl (2.25 g), resazurin (0.5 mg), 3 ml mineral solution [6] , 20 ml vitamin solution (DSMZ 663; Deustsche Sammlung von Mikroorganismen und Zellkulturen) and 1 ml sodium L-cysteine (100 mM). After the tube was shaken using a vortex mixer, the microbial suspension was serially diluted and streaked on agar plates containing the mineral medium supplemented with 100 mM methanol (the methanol medium). Agar plates also contained Difco Bactoagar (1.5 %) and CaCO 3 (0.5 %). The plates were placed in anaerobic bags (Anaeropack; Mitsubishi Gas Chemical Company) and incubated at 30 C. The above procedures were conducted in a glove box (Bactron I; Shellab). After incubation for approximately 1 month, we found small white colonies on the agar plates that were surrounded by halos. Halos indicated dissolution of CaCO 3 at acidic pH, suggesting the possibility of the production of acetate from methanol. These colonies were picked and inoculated into vials (120 ml in capacity) containing 30 ml of the methanol medium with oxygen-free nitrogen gas in the headspace. These vials were capped with Teflon-coated butyl rubber septa and sealed with aluminum crimps. The medium became slightly turbid (OD 600~0 .1) after incubation at 30
C for approximately 1 month. These cultures were purified by repeated transfers between liquid medium and agar plates containing the methanol medium.
Colonies surrounded by halos were picked from the agar plates using needles and put in polymerase chain reaction (PCR) tubes for amplification of 16S rRNA gene fragments. PCR was conducted as described elsewhere [7] using primers B27f and U1492r [8] . Amplification of DNA fragments was checked by agarose-gel electrophoresis, and amplicons with expected lengths were purified using the QIAquick PCR Purification kit (Qiagen). Nucleotide sequences of purified amplicons were determined by the standard Sanger procedure using primers B27f, U515f, U907r and U1492r [8] , and comparison of nucleotide sequences was conducted using the MEGA5 software [9] . We found that the 16S RNA gene sequences of these colonies were identical to each other. A representative colony was named strain MMFC1 T and used in subsequent experiments.
Sequence analyses show that the 16S rRNA gene sequence of strain MMFC1
T is identical to the OTU E305 sequence detected as the major sequence type in the methanol-fed MFC [4] . BLAST search [10] using the NCBI database shows that the closest relative of strain MMFC1
T is Sporomusa ovata, with sequence identity of 93.5 %. In addition, the 16S rRNA gene sequence of strain MMFC1
T is 91.6 and 91.2 % similar to those of Propionispora hippei DSM 15287 T and Desulfosporomusa polytropa DSM 12907 T , respectively. These values are lower than the general taxonomic threshold for a genus (94.5 %) [11] . Further phylogenetic analyses were conducted to compare the 16S rRNA gene sequence of strain MMFC1
T with those of bacteria affiliated with the family Sporomusaceae (Fig. 1) . Alignment of nucleotide sequences and construction of a neighbour-joining tree were conducted using MEGA5 [9] . We found that strain MMFC1
T is deeply branched in the phylogenetic tree and positioned most closely to the genus Sporomusa. These analyses suggest the possibility that strain MMFC1
T represents a novel genus in the family Sporomusaceae (Fig. 1 ).
For examining cell morphology, strain MMFC1
T was grown in the methanol medium and harvested by centrifugation in mid-logarithmic growth phase. Cells were washed with the same medium and subjected to negative staining with uranium acetate as described elsewhere [12] . Transmission electron microscopy (TEM) was conducted by the standard procedure [12] using JEM-1400Plus (JEOL). TEM images of negatively stained MMFC1
T cells show that the cells are slightly curved rods with a mean length of 4 µm and a mean width of 1 µm (Fig. S1 , available with the online version of this article). Cells have multiple peritrichous flagella. TEM was also used to observe sectioned cells of strain MMFC1 T (Fig. S1 ). Sectioning of cells was conducted using a microtome (Leica), and sectioned cells were stained with uranium acetate and lead as described elsewhere [12] . We found that some cells of MMFC1 T have single endospores close to one terminus (Fig. S1) . It was seen that the dark and round core of the endospore was covered with a cortex-like layer and an outer spore-coat layer [13] . These features are similar to those of the genus Sporomusa and their relatives [14] .
Growth characteristics of strain MMFC1
T were examined in test tubes (30 ml in capacity) containing 10 ml of the liquid mineral medium supplemented with a single substrate at 10 mM, with oxygen-free nitrogen gas in the headspace. These tubes were closed with screw caps lined with butyl rubber. Substrates examined included betaine, N,N-dimethylglycine, sarcosine, fructose, glucose, sucrose, glycerol, acetate, pyruvate, fumarate, lactate, methanol, ethanol, 2-propanol and butanol. Aerobic growth was examined in the presence of air. For examining homoacetogenic growth, the mineral medium was not supplemented with an organic substrate, and the headspace was filled with a gas mixture containing H 2 (80 %) and CO 2 (20 %). The medium was inoculated with strain MMFC1
T pre-grown in the methanol medium. Growth was monitored by measuring OD 600 using a mini photo 518R photometer (TAITEC). Cells were counted using a fluorescence microscope (BX60; Olympus) after they had been stained with 4¢,6-diamidino-2-phenylindole and collected on a black Isopore membrane (pore size 0.22 µM; Millipore). Growth of strain MMFC1 T was also determined for temperature and pH ranges from 25 to 40 C and from pH 4.2 to pH 7.2, respectively, with methanol as the growth substrate. Concentrations of methanol and acetate in culture medium were determined by GC and LC, respectively, as described elsewhere [4] . For comparison, S. ovata was grown as described elsewhere [5] . Physiological properties were also tested using the API 20A system (bioM erieux). Catalase and oxidase activities were tested by standard procedures [15] . For analysing whole-cell fatty-acid composition, cells were grown in 1 l of the methanol medium and harvested at mid-logarithmic growth phase. The fatty-acid composition was analysed according to the standard protocol of the Sherlock Microbial Identification System (version 6.0; MIDI). Gram staining was conducted by a standard procedure [15] .
Taxonomic and physiological characteristics of strain MMFC1
T are summarized in Table 1 and compared with those of several representative strains of the genus Sporomusa. Strain MMFC1
T was able to grow on methanol and produced an equivalent amount of acetate as the end metabolite. The strain was also able to grow on pyruvate and lactate (Table 1) , but other compounds were not utilized. In particular, in contrast to S. ovata, homoacetogenic growth was not observed. Growth under aerobic conditions was T [23] . All strains were curved rods, were motile, formed endospores and grew on methanol and pyruvate. 
this strain were iso-C 13 : 0 3-OH (23.1 %), C 16 : 1 !9 (18.2 %) and iso-C 17.0 (15.2%). This fatty-acid composition is different from those reported for species affiliated with the genus Sporomusa, for instance, C 16 : 1 !9 (20.6 %), C 17 : 1 !8 (12.6 %) and C 15 : 1 !8 (11.6 %) for S. ovata [16] , and C 16 : 1 !9 (27.5 %), C 12 bOH (10.5 %) and C 17 : 1 !8 (10.2 %) for S. aerivorans [16] .
To determine the genome sequence of strain MMC1 T , genomic DNA was extracted from cells grown in 100 ml of the methanol medium by a method described previously [17] . The whole genome sequence was determined by means of the PacBio platform (Pacific Biosciences) using a PacBio RSII sequencer and SMRT cell 8Pac V3 and DNA polymerase binding kit P6 reagents. For de novo genome assembly using long reads, the RS HGAP assembly v3.0 program (Pacific Biosciences) was used, and annotation was conducted using the Prokka v1.12b pipeline [18] . Genome statistics for strain MMFC1
T are summarized in Table 2 and compared with those for S. ovata and S. sphaeroides. It was shown that the genome of strain MMFC1 was relatively small compared with those of the Sporomusa strains, and the numbers of rRNA and tRNA genes in strain MMFC1 T were also fewer. The DNA G+C content of strain MMFC1 T was 46.6 mol%. The numbers of genes assigned to Clusters of Orthologous Group (COG) categories [19] were also compared among the three strains (Table S1 ), showing that their global functional traits were similar. In the genome of strain MMC1
T , genes for sporulation [20] were identified (Table S2 ). In addition, genes predicted to be involved in the conversion of methanol into acetate [4] were found in the genome along with those for lactate and pyruvate oxidation (Fig. S2) .
Based on the 16S rRNA gene sequence analysis, strain MMFC1
T is clearly distinct from the genus Sporomusa, the most closely related genus to this strain. Strain MMFC1 T is also different from the genus Sporomusa in its inability for homoacetogenic growth. Fatty-acid composition also discriminates strain MMFC1
T from the genus Sporomusa. These features are supported by the complete genome of strain MMFC1
T . On the basis of these polyphasic data, strain MMFC1
T represents a novel species in a new genus, for which the name Methylomusa anaerophila gen. nov., sp. nov. is proposed.
DESCRIPTION OF METHYLOMUSA GEN. NOV.
(Me.thy.lo.mu¢sa. N.L. pref. methylo-pertaining to the methyl radical; N.L. fem. n. musa a banana; N.L. fem. n. Methylomusa a methyl-utilizing banana).
Gram-stain-negative, slightly curved rods, motile by means of peritrichous flagella. Catalase-and oxidase-negative. Form endospores. Utilize methanol as a single source of carbon and energy, but homoacetogenic growth is not observed. Carbohydrates are not utilized for growth. Major fatty acids are iso-C 13 : 0 3-OH, C 16 : 1 !9 and iso-C 17.0 . The type species is Methylomusa anaerophila.
DESCRIPTION OF METHYLOMUSA ANAEROPHILA SP. NOV.
(an.ae.ro¢phi.la. Gr. pref. an non-, not; Gr. n. aer, aeros air; N.L. fem. adj. phila from Gr. fem. adj. philê friend to, loving; N.L. fem. adj. anaerophila not air-loving).
General characteristics are as for the genus. Grows at pH 5.9 to 6.9 and temperatures between 30 and 37 C. No cell aggregation in liquid medium. Cells are 1.0Â4.0 µm in size and occur singly. Grows on methanol, lactate and pyruvate, but not on betaine, N,N-dimethylglycine, sarcosine, fructose, glucose, sucrose, glycerol, acetate, fumarate, ethanol, 2-propanol and butanol. Produces acetate as the end metabolite from methanol, lactate and pyruvate. Acids are not formed from glucose, mannitol, lactose, sucrose, maltose, salicin, xylose, arabinose, glycerol, cellobiose, mannose, melezitose, raffinose, sorbitol, rhamnose and trehalose. Gelatin and aesculin are not hydrolysed. Growth is not observed under aerobic conditions.
The type strain, MMFC1
T (=JCM 31821 T =KCTC 15592 T ), was isolated from a microbial fuel cell inoculated with sludge obtained from a chemical plant (Gifu, Japan). The G+C content of the DNA is 46.6 mol%.
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